Recombinant adenovirus (Ad) is a powerful tool in gene therapy. However, the ability to deliver Ad by systemic administration is limited due to rapid clearance from blood circulation, transfection of nontarget tissues, toxicity, and immunogenicity. To address these limitations, we developed an artificially 
Recombinant adenovirus (Ad) vectors have been applied, with promising results, to the treatment of cancers resistant to established therapies (1) (2) (3) (4) (5) . However, current clinical treatment is limited to localized delivery to solid tumors by intratumoral administration and is hampered by a multitude of problems, including poor dissemination into the tumor mass, variability of administration, and inability to access deep-seated tumors. As most cancer deaths involve disseminated disease, it is necessary to develop blood-borne therapeutics to target cancer cells throughout the body.
There remain many limits on the ability to effectively deliver Ad into the systemic circulation. These include vector immunogenicity, toxicity, and accumulation in nontarget tissue, especially the liver (6) . Furthermore, it is believed that low-level expression of the coxsackie and adenovirus receptor (CAR) on tumor cells may be the rate-limiting factor for infectivity of Ad vectors (7) . Ad is cleared from the bloodstream extremely rapidly, primarily by tissue macrophages (8, 9) , with a blood circulation half-life of ϳ2 min in mice (10) , giving little window for targeting of tumor cells.
To address these issues, numerous strategies have been developed to modify adenoviral tropism and to reduce vector-related toxicity. Such strategies often involve complex genetic modifications of the Ad (11) (12) (13) , the introduction of a linker molecule conjugated onto the viral surface (14 -16) , or chemical modification of the viral capsid (17) (18) (19) . None of these strategies have proven effective for targeting the Ad to tumor tissue in vivo, and many introduce potentially new problems including low production efficiency, reduction of vector function, difficulties in purification, and lack of vector stability. Creation of an Ad vector with enhanced tumor targeting necessitates extending blood circulation time, allowing the vector to accumulate in tumor sites after escaping from the systemic circulation into tumors through the fenestated vasculature common to many cancers (20, 21) . Interactions between the Ad capsid with serum and various cell types lead to its rapid blood clearance, and therefore the viral components responsible for native tropism need to be masked or ablated to achieve a stealth effect. At least 3 capsid domains determine native viral tropism: the fiber knob, which binds to CAR (22) ; the Arg-Gly-Asp (RGD) domain of the penton base, which binds to ␣v␤5 integrins (23) ; and the fiber shaft, which binds heparin sulfate proteoglycan receptors (24) . In mice, the binding of Ad hexon to coagulation factor X recently has been demonstrated to be responsible for infection of the liver following intravenous injection (25) . Though numerous attempts have been made to alter vector biodistribution through modification of these domains, the problem of liver tropism has proven difficult to overcome, with only modest increases in blood circulation time observed for penton/fiber ablated vectors (12) .
Ad capsid proteins are also highly immunogenic and are responsible for most of the antigen-specific immunity. It has been demonstrated that encapsulation of Ad in alginate or chitosan nanoparticles greatly reduces its immunogenicity (26) , but these systems are more suitable for local delivery as they are far larger than the nanoscale dimensions (Ͻ200 nm in mean diameter) required for effective systemic delivery. Formation of complexes by mixing Ad with cationic liposomes has been demonstrated to broaden vector tropism (27) (28) (29) , improve Ad transfectivity in the presence of neutralizing immunity (30, 31) , and alter vector biodistribution in vivo (32) . However, these vectors are prone to aggregation, leading to widely variable and inherently unstable complexes that are difficult to translate to a clinical setting. Alternatively, numerous reports have demonstrated the feasibility of using polymers to mask the surface of the Ad, leading to reduced immunogenicity and, most important, extending blood circulation times (19, 33, 34) . Use of these techniques requires irreversible alteration of Ad surface characteristics, which can affect vector function. In addition, such vectors are difficult to produce at high titers and to purify following polymer conjugation. Although one report demonstrates the possibility of using polymercoated Ad for tumor targeting (35) , there is little room for readily tailoring vector surface characteristics to specific applications following such conjugation strategies.
Here, we have engineered an artificially enveloped Ad vector to reduce the interaction of the viral capsid with cellular and blood components. This vector can be built using self-assembly principles without the need for manipulation of the Ad genome or covalent conjugation to the viral capsid, as described elsewhere (36) . We hypothesized that a lipid-enveloped Ad would have novel biological properties determined by the type of lipids used to construct the artificial envelope. Alteration of the lipid components and optimization of physicochemical properties would allow for targeting of the vector to different tissues in vivo. Inclusion of stealth components like PEG-lipids in the envelope may extend plasma circulation time and lead to accumulation of the vector in cancer tissue. In the present study, we provide evidence that Ad vectors wrapped with artificial envelopes can be tailored to preferentially accumulate and express genes in tumor tissue with little interaction with nontarget tissue in vivo. Further, we offer a proof-of-principle demonstration that these vectors are less immunogenic than normal Ad vectors.
MATERIALS AND METHODS

Viral vectors
Recombinant Ad type 5 was purchased from the Baylor College of Medicine Vector Development Laboratory (Houston, TX, USA). For these studies, we used the vector Ad.␤gal, encoding for the beta-galactosidase reporter gene driven by the cytomegalovirus promoter and Ad.Null, with an empty expression cassette. Stocks were stored at Ϫ80°C in glycerol buffer at a concentration of 5 ϫ 10 12 particle units (pu)/ml until ready for use.
Preparation of lipid-enveloped Ad
Dimyristoyl phosphatidylcholine (DMPC) and cholesterol (Chol) were purchased from Sigma-Aldrich (Gillingham, UK). DOTAP [(1,2-dioleoyloxypropyl)-N,N,N-trimethylammonium chloride], 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG 2000 ) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). DMPC:Chol at a 2:1 M ratio, DOTAP: Chol at a 2:1 M ratio, or DOTAP:DOPE:DSPE-PEG 2000 at a 1:8:1 M ratio, and DMPC:Chol:DSPE-PEG 2000 at a 2:1:0.1 M ratio were dissolved in 4:1 (vol:vol) chloroform:methanol (both from Sigma-Aldrich) in a 25 ml round-bottom flask. A lipid film was formed using a rotovaporator (Büchi, Flawil, Switzerland). After 1 h under a vacuum, the film was further dried for 15 min under a nitrogen gas stream. Ad stock was thawed, then diluted in 1 ml distilled water with 5% dextrose (D5W), then added to the flask to hydrate the film. To ensure thorough hydration, a small magnetic stirring bar (10 mm) was added, and the hydrating films were stirred for 30 min at room temperature. The stirrer was removed, and the flask was then placed in an ultrasonic water bath (VWR Model 300TH; VWR, Lutterworth, UK) for 15 min at 30°C. The enveloped virus suspensions were transferred to microcentrifuge tubes and placed at room temperature for 3 h to allow the envelopes to stabilize. Unless otherwise noted, fresh vectors were prepared for all experiments.
Artificially enveloped Ad dynamic light scattering
All measurements were made using the Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). For determination of the hydrodynamic diameter of enveloped Ad, vectors were prepared as described above and diluted 10-fold in D5W. Size and zeta potential analyses of Ad alone were conducted at an Ad concentration of 5 ϫ 10 10 pu/ml in 5% dextrose. Size measurements of each sample were taken in 1 ml total volume in disposable cuvettes (Sartorius Stedim, Epsom, UK). Zeta potential measurements were taken in 1 ml total volume in disposable zetasizer cuvettes (Malvern Instruments). Default instrument settings and automatic analysis were used for all measurements.
Artificially enveloped Ad imaging by atomic force microscopy (AFM)
Twenty l of a suspension containing 10 11 Ad particles/ml was deposited on the surface of freshly cleaved mica (Agar Scientific, Essex, UK), and viruses were allowed to adsorb for 15 min. Unbound viruses were removed by washing with filtered dH 2 O. Samples were then dried under a nitrogen stream. Imaging was carried out in TappingMode using a Multimode AFM, E-type scanner, Nanoscope IV controller, Nanoscope 5.12b control software (all from Veeco, Cambridge, UK), and a silicon tapping tip (NSG01, NTI-Europe, Apeldoorn, The Netherlands) of 10 nm curvature radius, mounted on a tapping-mode silicon cantilever with a typical resonant frequency of 150 kHz and a force constant of 5.5 N/m, to image 5 ϫ 5 m square areas of the mica surface with a resolution of 512 ϫ 512 pixels and a scan rate of 1 Hz. All AFM images were performed in air.
Determination of enveloped Ad biodistribution using radiotracers
Radiolabeling of the Ad capsid was conducted using a procedure similar to a previously described method (37) .
125 I (200 Ci; GE Healthcare, Little Chalfont, UK) was diluted in 200 l phosphate buffered saline (PBS), pH 7.4 (Invitrogen, Paisley, UK). Next, one Iodobead (Perbio Science, Cramlington, UK) was washed in PBS then blotted on Whatman paper and added to the 125 I stock. This was incubated at room temperature for 5 min. Ad.Null stock (200 l containing 1ϫ10 12 pu) was diluted in 600 l of PBS, and added to the tube containing the Iodobead and 125 I. The labeling reaction was allowed to proceed for 15 min at room temperature. To stop the reaction, the liquid sample was separated from the Iodobead and placed on ice. A Sepharose 4B column (GE Healthcare) was prepared by passing 1 ml of washing buffer (PBS containing 10% glycerol and 50 mM HEPES, pH 7.8; Sigma-Aldrich) through the column 3 times. The 125 I-labeled Ad (1 ml) was added to the column to remove any unincorporated 125 I. An additional 1 ml of washing buffer was added to the column, and the eluate was collected and disposed. Next, washing buffer was added in 500 l portions, and 25 fractions of eluate were collected. Each fraction was placed on ice immediately after collection. Ten microliters of each fraction was added to a scintillation vial containing 1 ml of isopropanol and topped with 10 ml of Ready Organic scintillation cocktail (Beckman Coulter, High Wycombe, UK). Samples were placed in an LS6500 liquid scintillation counter (Beckman Coulter) and analyzed using the instrument's preset for 125 I. Ad content of each fraction was determined using the PicoGreen assay (Invitrogen). Forty-five microliters from each sample was removed, and 5 l of 0.5% sodium dodecyl sulfate (Sigma-Aldrich) was added to lyse the viral capsid. The lysed sample (20 l) was added to duplicate wells of a black 96-well microplate (Greiner Bio-One, Stonehouse, UK). In addition, standards containing 10 8 -10 12 pu/ml of Ad were prepared as above. The PicoGreen reaction mix was prepared according to the manufacturer's protocol, and 180 l was added to each well. Samples were incubated at room temperature for 5 min, and then read on a Wallac Viktor2 microplate reader (PerkinElmer, Beaconsfield, UK). Fractions 4 -8, which contained the highest concentration of Ad, had a total of ϳ7 ϫ 10 11 pu in 2.5 ml of washing buffer, as determined by fitting the PicoGreen results to the standard curve. These fractions were placed on a Vivaspin 4 centrifuge column [5000 molecular weight cutoff (mwco); Sartorius Stedim] and the sample was concentrated to a final volume of 700 l (1ϫ10 12 pu/ml), placed in 50 l aliquots, and frozen at Ϫ80°C prior to use for the biodistribution study.
Female BALB/c mice, 8 -10 wk old, were purchased from Harlan UK (Blackthorn, UK) and housed under specific pathogen-free conditions for 1 wk after arrival to allow mice to acclimatize. Three mice per group were weighed, then anesthetized by intraperitoneal administration of a fentanylfluanisone (1-40 mg/kg) and midazolamine (20 mg/kg) mixture (Hypnorm/Hypnovel, Vet-Tech Solutions, Congleton, UK). Mice were warmed for 15 min in a heating box set at 37°C and were given 1 ϫ 10 10 pu of 125 I-labeled Ad alone, or enveloped in DMPC:Chol (2:1), DOTAP:Chol (2:1), or DOTAP:DOPE:DSPE-PEG 2000 (1:8:1), prepared as described above at a 3 mM total lipid concentration, in 200 l of D5W by tail vein injection. Blood (100 l) was collected from the tail vein by venipuncture 2 min, 5 min, 10 min, and 30 min postinjection. Mice were then killed by cervical dislocation. The right femoral artery was cut, and 10 ml of normal saline was injected through the heart to wash out the blood. The liver, spleen, right kidney, heart, lungs, and right femur were removed and weighed. In addition, a 100 mg piece of skin was shaved and excised from the back, and 100 mg of muscle was removed from the right thigh. The entire heart, spleen, kidney, lungs, and femur (following grinding using a mortar and pestle), and 100 mg pieces of the liver, skin, and muscle, or 100 l of blood, were added to a 20 ml scintillation vial and topped with 1 ml of HTS-450 (both from Beckman Coulter), then placed in a 50°C shaking water bath overnight to dissolve the tissue. Samples were decolorized with 30% hydrogen peroxide (Sigma-Aldrich), and 70 l of glacial acetic acid (Fisher Scientific, Loughborough, UK) was added to reduce chemiluminescence. Ten milliliters of Ready Organic scintillation cocktail was added, and samples were placed in LS6500 liquid scintillation counter (both from Beckman Coulter). Counts per minute data were analyzed using the instrument's preset for 125 I, including proprietary correction for chemiluminescence (Lumex) and color quenching (H-number plus).
Determination of enveloped Ad blood circulation time by real time quantitative polymerase chain reaction (PCR)
Female BALB/c mice, 6 -10 wk old, were purchased from Harlan UK and housed as described above. Mice were warmed for 15 min in a heating box set at 37°C and anesthetized by isofluorane inhalation. At least 4 mice per group were injected i.v. via the tail vein with 1 ϫ 10 10 pu Ad.Null, 5 ϫ 10 10 pu Ad.Null, 1 ϫ 10 10 pu of DOTAP:DOPE: DSPE-PEG 2000 -enveloped Ad.Null, or 5 ϫ 10 10 pu of DOTAP: DOPE:DSPE-PEG 2000 -enveloped Ad.Null. For the low dose, 1 ml of enveloped Ad was prepared in 3 mM total lipid as described previously, and 200 l of vector was administered. For the high dose of vector, 5 separate lipid films of each formulation were prepared and hydrated with Ad as described previously. After the 3 h stabilization period, the suspensions were combined and placed in the upper chamber of a Vivaspin 15, 5000 mwco centrifuge column (Sartorius Stedim), and were concentrated 5-fold to a 1 ml volume of D5W; 200 l from this suspension was then administered. Blood was drawn from the tail vein by venipuncture, and 100 l was collected in heparinized capillary tubes (Fisher Scientific) at 1 min, 10 min, 30 min, 4 h, and 48 h after vector administration. DNA was extracted from the blood using the QiaAmp DNA Micro Kit (Qiagen, Valencia, CA, USA) and following the manufacturer's instructions. Samples were eluted in 25 l of buffer AE (10 mM Tris-Cl and 0.5 mM EDTA, pH 9.0), provided with the kit, and were stored at Ϫ20°C. Mice were maintained for an additional 30 days for determination of serum anti-Ad neutralizing antibody titer, as described below.
Prior to running PCR experiments, a set of 9 standards was created in duplicate containing viral DNA extracted, as described above, from 100 l of mouse blood spiked with increasing amounts of Ad.Null particles (in 5-fold intervals from 1.28ϫ10 5 to 5ϫ10 10 particles). The standards were run in parallel to all samples, and Ad particle numbers were determined by fitting the threshold cycle from each unknown to the standard curve. Primers for the Ad fiber (5Ј-3Ј: TGG CTG TTA AAG GCA GTT TGG and GCA CTC CAT TTT CGT CAA ATC TT) have been described elsewhere (37) and were custom synthesized by Invitrogen. The Quantitect SYBR Green Kit (Qiagen), was used for the PCR reaction mix, and all samples were prepared in 96-well optical plates and sealed using Microseal B optical sealing film (both from Bio-Rad, Hemel Hempstead, UK). Reaction volume was 25 l per sample, and primers were used at 200 nM concentrations. Two microliters of each sample or standard were added to the reaction mix, which was prepared according to the manufacturer's protocol. Samples were run on a Bio-Rad iQ3 RealTime PCR Detection System using the following protocol: activation 95°C, 15 min, 1 cycle; denaturing, 95°C, 30 s; annealing, 60°C, 1 min; elongation, 72°C, 2 min (repeat last 3 for 40 cycles); this was followed by a melt curve analysis to verify PCR product specificity.
Assessment of neutralizing antibody titer
Mice injected with Ad.Null or DOTAP:DOPE:DSPE-PEG 2000 for the quantitative PCR study described above were killed 30 days after vector administration, and whole blood was drawn from the inferior vena cava and placed on ice. Blood was also drawn from untreated mice. Samples were allowed to clot for 30 min, and then placed in a microcentrifuge at 8000 rpm for 10 min. The serum was separated and pooled for each group, then stored at Ϫ80°C until ready for use. Next, A549 cells (ATCC, Manassas, VA, USA) were grown to 70% confluence in 24-well tissue culture plates (VWR) in Dulbecco modified Eagle medium (DMEM) supplemented with 10% FBS and 1% penicillin/streptomycin (complete media), all from Invitrogen. Pooled serum was diluted 1:10 or 1:100 in 2 ml of DMEM containing 5 ϫ 10 9 pu/ml of Ad.␤gal, and all samples were incubated at 37°C for 30 min. Each sample (500 l containing 1.25ϫ10 9 pu of Ad.␤gal) or of an equivalent dose of Ad.␤gal incubated without any mouse serum was then added to triplicate wells of A549 cells and incubated for 90 min at 37°C. Cells were then washed in PBS, and incubated in complete media for 48 h. Cells were again washed in PBS and 200 l of lysis buffer from the Tropix Galactolight Plus Kit (Applied Biosystems, Inc., Foster City, CA, USA) was added to each well. Plates were placed on a rocker for 10 min at room temperature and cell lysates were collected and centrifuged at 13,000 g to remove any debris, and 10 l of the supernatant was analyzed for beta-galactosidase (␤-gal) activity using the Tropix Galactolight Plus kit and a Berthold Lumat 9507 luminometer (Berthold Technologies, Redbourn, UK). Transgene expression in all wells was normalized to total albumin content using the Pierce BCA Assay Kit (Perbio Science).
In vivo gene transfer studies
Female BALB/c mice, 6 -8 wk old, were purchased from Harlan UK and housed as described above. To prepare the vectors, DMPC:Chol, at a 2:1 M ratio, DOTAP:Chol, at a 2:1 M ratio, lipid films were formed and hydrated with a dispersion of 5 ϫ 10 10 pu of Ad.␤gal in 1 ml of D5W, to yield a 3 mM final total lipid concentration (2 mM DMPC or DOTAP and 1 mM Chol). Mice were warmed to 37°C in a heating chamber, anesthetized using isofluorane, and administered Ad.␤gal alone or enveloped in DMPC:Chol or DOTAP:Chol, in a 200 l volume (a dose of 1ϫ10 10 pu/mouse) by tail vein injection. The mice were killed 48 h later, and tissue samples were harvested from the lung, liver (single lobe), spleen, and heart. Tissues were frozen immediately and stored at Ϫ80°C, then later thawed and homogenized using a Polytron homogenizer (Kinematica, Littau-Lucerne, Switzerland) in Tropix Galactolight Plus lysis buffer, 3 ml volume for liver and 2 ml for other tissues. The lysate was centrifuged at 13,000 g to removed any debris, and 10 l of the supernatant was analyzed for ␤-gal activity as described above. All data was normalized for total albumin content using the Pierce BCA Protein Assay kit. In a separate experiment, an equivalent dose of empty DMPC:Chol or DOTAP:Chol liposomes prepared as above but without any Ad, was injected into mice as described. After 5 min, 1 ϫ 10 10 pu of Ad.␤gal also was injected into the tail vein. After 24 h, mice were killed and tissue samples from the lung, liver, spleen, and heart were harvested and analyzed as described above.
In vivo tumor targeting studies
CT26 colon carcinoma cells (ATCC), syngeneic to BALB/c mice, were grown to log phase in Corning T75 flasks (Fisher Scientific 11 pu/ml dispersion of Ad.␤gal in D5W to a dried lipid film as described previously to yield a 9 mM total lipid suspension. The DMPC:Chol: DSPE-PEG 2000 envelope was prepared similarly to produce a 6.2 mM total lipid suspension. Duplicate films were prepared for each envelope, and the suspensions were combined prior to injection in a 400 l volume. All animals were killed 3 days later, and the lung, liver (100 mg slice), spleen, and both flank tumors were excised and frozen at Ϫ80°C. Immediately prior to analysis, all samples were thawed and homogenized using a Polytron homogenizer in Tropix Galactolight Plus lysis buffer, 3 ml volume for liver, and 2 ml for all other tissues. The lysate then was centrifuged at 13,000 g to remove any debris, and 10 l of the supernatant was analyzed for ␤-gal activity as described above.
RESULTS
Engineering artificially enveloped Ad suitable for extended blood circulation
We examined the effect of different lipid envelopes on Ad physicochemical properties. Ad (5ϫ10 10 pu) in distilled water containing 5% dextrose was added to a neutral (DMPC:Chol), cationic (DOTAP:Chol), or 2 PEG-lipid containing (DOTAP:DOPE:DSPE-PEG 2000 and DMPC:Chol:DSPE-PEG 2000 ) lipid films to yield a 3 mM total lipid concentration. After bath sonication, the hydrodynamic diameter and zeta potential () of the resulting vector suspensions were assessed by dynamic light scattering (DLS). Figure 1 depicts schematics of the enveloped Ad vectors and Table 1 summarizes the data from triplicate preparations of each type of enveloped vector.
To achieve passive tumor targeting, it is important that the vector is less than 200 nm in diameter to allow for long blood circulation times (38) and extravasation through the tumor fenestrated vasculature (39, 40) . All 4 types of artificially enveloped Ad prepared (as shown in Table 1 ) were within the size range that would allow further in vivo investigation. The high polydispersity of the DMPC:Chol formulation is due to the lack of steric or electrostatic repulsion forces between the nanoparticles to prevent flocculation of the sample (i.e., reversible sedimentation of the enveloped virions) during the 3 h stabilization period prior to the DLS measurement. The smaller size of the cationic enveloped virus systems was indicative of much stronger surface association between the viral surface and the envelope, leading to tighter wrapping around the anionic Ad capsid, as also confirmed by previous studies (36) . However, such observations warrant further structural and biophysical studies to identify the conformational or structural changes of Ad surface proteins, such as the fibers, in the presence of the artificial lipid bilayer envelope. The potential of the enveloped vector is determined by the type of lipids used: slightly negative for cholesterol containing zwitterionic envelopes and increasing from ϩ22 to ϩ60 mV as the DOTAP content increases from 10 mol % in the PEG-lipid envelope to 66 mol % for the DOTAP:Chol envelope. To obtain further structural information about the artificially enveloped Ad, samples were examined in air by AFM using the tapping mode (Fig. 2) . The hydrated Ad and enveloped Ad samples were allowed to dry on a mica surface, and direct evidence of the lipid envelope around the Ad was observed (Fig. 2b, c) .
In agreement with the DLS data, AFM imaging indicated that the cationic DOTAP:Chol envelope consisted of more tightly packed, multiple lipid bilayers (Fig. 2b) , while the DMPC:Chol:DSPE-PEG 2000 -enveloped Ad formed larger overall structures of fewer lipid bilayers wrapped around the virion ( Table 1 ). The structural information using AFM reported here also agreed with prior electron microscopy studies (36) . Combined, these data indicate that simply by altering the lipid composition of the envelope, artificially enveloped viruses can be engineered by self-assembly to possess custom-designed surface and structural properties. Three independent artificially enveloped Ad preparations are noted. Size is the hydrodynamic diameter; polydispersity index (PI) indicates size distribution of the enveloped adenovirus population; zeta potential () indicates average surface charge.
Artificially enveloped Ad exhibits prolonged blood circulation half-life
The effect of different envelopes on Ad biodistribution and blood clearance was assessed. The Ad capsid was radiolabeled with 125 I, and free iodine was separated by size exclusion chromatography. Like previous studies using similar techniques (37), our results show that 125 I-labeled Ad (quantified by the Picogreen assay) eluted in the column's void volume and was well separated from the unbound label (Supplemental Fig.   1 ). The radiolabeled virus alone (1ϫ10 10 pu), in a neutral (DMPC:Chol) envelope, a cationic (DOTAP: Chol) envelope, or a cationic, PEG-lipid (DOTAP: DOPE:DSPE-PEG 2000 ) envelope, was injected i.v. via the tail vein into BALB/c mice. Blood was drawn from the tail vein 2, 5, 10, and 30 min postinjection, and animals were killed at 30 min or 24 h postinjection for tissue biodistribution analysis.
The tissue affinity profiles of the lipid-enveloped Ad all showed significant uptake by the liver and spleen 30 min following administration (Fig. 3) , indicating that the majority of enveloped and nonenveloped Ad were cleared by tissue macrophages. Strikingly, the DOTAP: Chol-enveloped vector showed a high degree of affinity for the lung, nearly 47% of the injected dose (i.d.) per gram of tissue. By comparison, only 2.7% i.d./g tissue was found in the lungs of mice administered naked Ad. Uptake of the cationic, PEG-lipid enveloped vector was reduced in the liver, spleen, and lung as compared to Ad, while uptake of the DMPC:Chol-enveloped Ad was slightly increased in the liver, but reduced in the spleen and lung.
Neutral liposomes of similar size to the ones studied in this report have been shown to enhance the blood circulation half-life of encapsulated small molecules, though significant uptake by the liver with lower levels of splenic uptake were observed (41) . The use of sterically stabilized liposomes prolonged blood circulation time due to reduced interactions with the mononuclear phagocyte system (MPS), and it has been shown that inclusion of both short and long chain PEG-lipids can extend the blood circulation time of cationic liposomes (42) . Therefore, our observations were consistent with the hypothesis that lipid-enveloped Ad will behave like a liposome of the equivalent physicochemical characteristics.
Our data for the blood clearance profile of 125 Ilabeled naked Ad (Fig. 4a) recapitulated a previously published report that ϳ10% of the injected dose of radioactivity remained in circulation 30 min after i.v. administration of Ad (37) . This level is believed to be due to radiolabeled capsid fragments or viral degradation products, with less than 1% representing intact viral capsids. Plasma levels of artificially enveloped Ad were found to be significantly increased using the PEG-lipid envelope 10 and 30 min postinjection compared to naked Ad. DOTAP:Chol-enveloped Ad appeared to be more rapidly cleared from the blood, while there was little difference in the clearance profiles between the zwitterionic (DMPC:Chol) enveloped Ad and Ad alone.
Because of the high level of background radioactivity in the blood due to capsid fragments, the radiotracer studies were used only as a means of screening different envelopes for extended blood circulation time. As viral degradation occurs after the vector exits the blood and is taken up by the cells of a particular organ, any degradation product remaining within the tissue still represents virus that was internalized by that tissue, and therefore direct measurement of radiolabeled Ad within an organ is an accurate measure of tissue biodistribution. However, these degradation products are later returned to the bloodstream; thus, portions of the same viral particles may be detected in the blood more than once, leading to the observed increase in background radioactivity. To identify intact virions in the blood, a quantitative PCR protocol was used. The radiolabeling studies indicated that Ad in a PEG-lipid envelope was cleared from the bloodstream more slowly than nonenveloped Ad. Because the dose of Ad administered to the systemic circulation will affect the blood clearance rate (43), we compared the blood circulation time of 1 ϫ 10 10 pu or 5 ϫ 10 10 pu of Ad alone or in the DOTAP:DOPE:DSPE-PEG 2000 envelope. In Fig. 4b , we observed that at both doses, when compared to Ad alone, almost 10-fold more enveloped Ad was found in the bloodstream for up to 48 h after vector administration. This result is consistent with other studies in which the blood clearance rate of polymer-conjugated Ad was compared to Ad alone (37). 
Decreased antibody responses to artificially enveloped Ad
To be effective in a clinical setting, it is likely that enveloped Ad will need to be administered to a patient several times. However, repeat administration of adenoviral vectors is limited due to production of high levels of adenoviral-specific neutralizing antibodies by the host (44) . Therefore, the neutralizing antibody response in mice was assessed 30 days following intravenous injection of Ad.Null alone (5ϫ10 10 pu) or DOTAP:DOPE:DSPE-PEG 2000 -enveloped Ad.Null. Nonenveloped Ad.␤gal was incubated with 10 or 100-fold dilutions of serum taken from these mice, and then was used to transfect cells. ␤-gal activity was assessed 24 h later with low level expression indicating inhibition of Ad infectivity due to the presence of neutralizing antibodies in the serum (Fig. 5) . We found that the neutralizing antibody titer of mice administered with the enveloped Ad was ϳ3-fold less than that of mice injected with naked Ad. This data indicated that the lipid envelope can significantly reduce the immunogenicity of Ad and is particularly important in light of earlier studies which have shown that Ad capsid proteins mixed with preformed liposomes can enhance the immune response (45) . More comprehensive immune response studies should be carried out to explore the extent of masking offered by the different artificial envelopes.
Artificial envelopment of Ad ablates gene transfer to liver and spleen in vivo
One of the major hurdles to delivering any type of Ad to diseased tissue via the systemic circulation is the reduction of native viral tropism, and more specifically gene transfer to the liver and spleen. Our in vitro studies indicated that binding to CAR was significantly disrupted following lipid envelopment of Ad (36) . To investigate how an artificial envelope affected the Ad gene transfer biodistribution in vivo, a cationic DOTAP: Chol lipid bilayer and a zwitterionic DMPC:Chol bilayer were constructed around Ad.␤gal and the resulting vectors were injected i.v. into mice. The gene transfer activity of the enveloped vectors was analyzed in the liver, spleen, lungs, and heart, the primary tissue targets for Ad vectors (8) (Fig. 6a) . For both types of envel- oped Ad vectors, transgene expression was reduced more than 100-fold in the liver and spleen as compared to Ad alone. ␤-Gal expression in the lungs was found to be similar in mice administered either Ad alone or DOTAP:Chol-enveloped Ad, and was reduced to background levels for the DMPC:Chol-enveloped vector. Figure 6b shows the in vivo gene transfer activity of Ad.␤gal injected 5 min after an initial intravenous injection of either empty DOTAP:Chol or DMPC:Chol liposomes. When injected prior to administration of Ad, liposomes enhanced gene expression in the liver and spleen as compared to Ad administered in the absence of liposomes. This result confirmed that it was necessary to envelope the Ad capsid prior to intravenous injection in order to achieve the reduction in hepatic and splenic gene transfer that was observed in Fig. 6a . Overall, these experiments illustrated that artificial envelopment of Ad vectors led to dramatically reduced gene transfer to the liver and spleen. Combined with the extended blood circulation, reduced gene transfer to the liver and spleen is critical when targeting a cytotoxic transgene or for use of a prodrug strategy for treatment of cancer. Therefore, use of enveloped Ad should greatly reduce the toxicity of systemically delivered virus.
Artificial envelopment leads to preferential Ad gene transfer to solid tumors in vivo
To evaluate the tumor targeting and gene expression capability of artificially enveloped Ad, CT26 cells were implanted in the flanks of BALB/c mice and once tumors were established, Ad.␤gal alone (2ϫ10 11 pu) and Ad.␤gal. enveloped in DOTAP:DOPE:DSPE-PEG 2000 or DMPC:Chol:DSPE-PEG 2000 were injected via the tail vein. Mice were killed 3 days later, and the liver, spleen, lung, and tumors were analyzed for ␤-gal expression. The results of this experiment are shown in Fig. 7 .
Neither Ad alone nor DOTAP:DOPE:DSPE-PEG 2000 -enveloped Ad effectively transfected the tumors following systemic administration. However, DMPC:Chol: DSPE-PEG 2000 -enveloped Ad appeared to transfect the tumor (Pϭ0.05 vs. untreated mice) and, like DOTAP: DOPE:DSPE-PEG 2000 -enveloped Ad, had nearly 100-fold less gene expression in the liver and spleen than naked Ad. This result indicated that it was possible to target enveloped Ad to tumors through the EPR effect, and at the same time reduce gene transfer to nontarget tissue. However, it is clear that effective delivery of enveloped Ad to treat tumors will require careful choice of envelope and vector dosing regimen. More research will be necessary using preclinical tumor treatment models to achieve tumor-specific transgene expression at therapeutic levels.
DISCUSSION
Ad is one of the most efficient gene delivery vehicles. Translocation from the cell surface to the nucleus is extremely rapid and far more efficient than nonviral gene delivery vectors (46) . The capacity to carry a large genetic payload that can be modified to be highly tumor specific makes it very attractive for development as an anticancer medicine. However, numerous barriers to intravenous delivery of Ad must be overcome before it can truly be useful for cancer therapy. First, Ad must avoid clearance from the bloodstream and uptake by nontarget tissue. Unfortunately, Ad is rapidly cleared from circulation by the MPS (8), with a blood half-life in mice of less than 2 min (10), and readily infects the liver and spleen, leading to severe hepatotoxicity at high doses (47, 48) . Second, Ad must overcome transvascular and extracellular barriers in order to pass through tumor microvessel fenestrae and diffuse through the extracellular matrix to even reach tumor cells. While the nanoscale of Ad virions allows them to pass through vessel pores, dissemination into solid tissue and tumors is limited to the needle tract following direct tissue administration of Ad (49, 50) . Finally, even if Ad reaches a cancer cell, it must be efficiently internalized; however, Ad infectivity of tumors has been shown to be poor due to generally low levels of CAR expression by tumor cells (28) . With these limitations in mind, an artificial envelopment strategy was developed to mask the Ad surface in order to block native tropism, extend blood residence time, and enhance tumor targeting. In addition, the envelopes were selected to enhance Ad penetration into tumors and maintain a particle size of less than 200 nm.
Liposomes have been shown to be very effective at delivering blood borne therapeutic agents to cancer cells. Features such as size (51) and surface charge (40) can easily be manipulated to enhance accumulation in tumors. Therefore, we hypothesized that a hybrid system, in which Ad was wrapped in a lipid envelope, would provide an ideal modular platform for the development of anticancer genetic medicines. The interaction of Ad with preformed liposomes has been described in numerous studies. Complexes of preformed, cationic liposomes and Ad have been shown to be effective at enhancing adenoviral gene transfer to tumor cells expressing low levels of CAR (52) , and these complexes are resistant to inhibition by neutralizing antibodies (31) . Injecting these vectors directly into solid tumors has been reported to lead to enhanced gene transfer and greater tumor retention than injection of naked Ad (52) (53) (54) .
We recently described a method for reproducible and facile construction of artificial lipid envelopes for Ad (36) . Prior to our work, others reported a different liposome-encapsulated Ad, generated by mixing preformed liposomes with the virus, which was resistant to Ad-specific neutralizing immunity both in vitro and in vivo (30) . However, systems based on the mixing of oppositely charged nanoparticles such as the anionic Ad and cationic liposomes are inherently unstable and prone to aggregation (55) , making characterization and systematic manipulation difficult and pharmacological use unreliable. This fact has led to conflicting reports regarding the occurrence of encapsulation and the structures formed following mixing of Ad with preformed cationic liposomes. Both Yotna et al. (30) and Meunier-Dumont et al. (56) reported that preformed cationic liposomes may encapsulate the Ad in multiple lipid layers. On the other hand, Qui et al. (27) observed that mixing Ad with preformed cationic liposomes produced virus-liposome aggregates without report of any encapsulation. Because dissemination into tumor vasculature requires that vectors be less than 200 nm in diameter (51) , the ability to control vector size is a matter of critical importance. Further, the previously described liposome encapsulated vector systems are limited to cationic liposome formulations, and reduction in gene transfer to the liver and spleen has not been demonstrated. The artificial envelopment of Ad described in our study does not involve mixing virions with preformed cationic liposomes. Instead, it allows for the spontaneous self-assembly of the envelopes around the viral surface, and constitutes a general strategy to engineer viral surfaces to achieve specific pharmacological and biological goals.
Interest in encapsulating nanoparticles in liposomes to generate solid-core liposomes has increased in recent years (26, 57) , and the feasibility of delivering solid nanoparticles to cells using fusogenic liposomes has been demonstrated (58) . Herein it is shown that it is possible to encapsulate virions, which possess a far more complicated surface chemistry than the chitosan or polystyrene nanoparticles previously described. Artificial lipid envelopes for Ad could be created from zwitterionic, cationic, PEG-lipid, and cationic/PEGlipid formulations. In all cases, vector size was reduced below 200 nm by bath sonication and surface charge characteristics were reproducible, thermodynamically stable and identical to liposome-alone systems.
Notably, when injected in vivo, the biodistribution and blood clearance profiles of lipid-enveloped Ad appeared consistent with the expected distribution of the equivalent liposome-alone systems. A neutral DMPC:Chol envelope, a strongly cationic DOTAP:Chol envelope, and a less positively charged, sterically stabilized envelope consisting of DOTAP:DOPE:DSPE-PEG 2000 were formulated to wrap Ad and the resulting vectors were injected i.v. into mice. As reported for other types of neutral liposomes (41) , DMPC:Cholenveloped Ad was found in the liver and spleen, and it possessed very similar blood kinetics to naked Ad. Following envelopment in cationic DOTAP:Chol bilay-ers, Ad blood clearance rate and the affinity for the lung both were increased. Krasnici et al. (59) observed that highly cationic liposomes can be effective in targeting tumor vasculature and are retained by the tumor for up to 6 h after injection. However, the total lipid dose used in our DOTAP:Chol-enveloped Ad study was less than 1/10th of that used by Krasnici et al. At this lower dose, the MPS may not be sufficiently overwhelmed, leading to faster blood clearance. The cationic, PEG-lipid envelope extended Ad blood circulation time and greatly reduced spleen affinity as compared to naked Ad, but because of the lower surface charge, there was no increase in lung affinity. These results are comparable to previously published reports regarding the biodistribution of similar liposome-alone formulations (40) .
Note that increased accumulation of DOTAP:Cholenveloped Ad in the lung did not lead to enhanced gene transfer in that tissue. It has previously been reported that shortly after intravenous injection of cationic lipoplexes (60) and other positively charged nanoparticles (61) , high lung accumulation occurs, but only in a transient manner. Unless highly binding or capable of fusing with the membranes of the pulmonary vasculature, the majority of particles accumulating in the lung do not reside there long. Generally, at longer time points after i.v. injection of cationic nanoparticles, the number of particles in the lung decreases and a corresponding increase in particle number is observed in the liver and spleen, though this is size dependent. DOTAP:Chol-enveloped Ad likely follows the same transient pattern of tissue distribution, and therefore, no increase in gene transfer is observed in the lung.
Other researchers have reported that overwhelming the MPS with a high dose of Ad (43) or ablation of tissue macrophages using clondronate liposomes (62) can extend the blood circulation time of Ad. Interestingly, there are two conflicting reports relating to sequential administration of preformed liposomes followed by naked Ad. Snoeys et al. (63) reported that preinjection of egg yolk phosphatidylcholine liposomes enhanced gene transfer to the liver, similar to our findings with empty DMPC:Chol liposomes and Ad. Ma et al. (32) reported that preinjection of DOTAP liposomes followed by Ad led to an increase in gene transfer to the lungs and a relative decrease in gene transfer to the liver. However, we observed increased gene expression in the liver, spleen, and lungs of animals sequentially injected with DOTAP:Chol liposomes followed by 1 ϫ 10 10 pu of naked Ad. It is possible that the different outcomes arise from differences in the experimental design between our study and that of Ma et al. (32) , including differences in lipid dose (0.9 mol for Ma et al. vs. 0.6 mol in our study), Ad dose (Ma et al. observed optimal lung targeting at a dose of 4ϫ10 10 pu), lipid molecules, and the timing between injections. As noted above, there were clear alterations in the blood clearance rates of Ad enveloped in three different lipid bilayer formulations. Although the dose of lipid and virus injected was identical for all three groups, the cationic envelope led to more rapid clearance of Ad from the bloodstream, which may indicate that this lipid/virus dose was not sufficient to overwhelm the MPS. Therefore, it is unlikely that overwhelming the MPS alone accounts for the increase in blood circulation time observed for DOTAP:DOPE: DSPE-PEG 2000 -enveloped Ad.
Although high levels of gene expression and detectable levels of radiolabeled capsid remained in mice injected with naked Ad, our biodistribution and in vivo gene transfer data at 24 h postinjection indicated that the enveloped Ad capsid was cleared from all organs. In addition, little transgene expression was observed, even in the liver and spleen, the primary targets of naked Ad. Enveloped viruses may not bind efficiently to normal tissue and cells, such as hepatocytes, and likely are cleared from the circulation and liver sinusoids by macrophages. One of the unique properties of nanoscale liposomes and nanoparticles in general (Ͻ200 nm) is their ability to accumulate in vascularized tumors following extravasation from the central circulation by the EPR effect (64) . This becomes even more pronounced when components that interfere with clearance by the MPS, such as PEG-lipid conjugates, are incorporated into liposomes, greatly decreasing their blood clearance rate (39, 65) . Although Ad is a nanoparticle Ͻ100 nm in diameter, it does not benefit from the EPR effect due to a wide range of interactions between the viral capsid and host cells and proteins which lead to extremely rapid clearance from the bloodstream by the MPS. There have been many strategies to reduce the interaction of Ad with nontarget tissue and to extend blood residence time through modification of Ad genetic, chemical, or colloidal properties, and mixed results have been achieved (66) .
Because it was possible to wrap Ad with a PEG-lipid bilayer to construct an artificially enveloped Ad vector less than 200 nm in diameter that exhibited an extended blood circulation time as compared to naked Ad, we believed that such enveloped Ad vectors might accumulate in well-vascularized solid tumors more efficiently than naked Ad. However, our initial pilot studies in tumor bearing mice i.v. injected with DOTAP:DOPE: DSPE-PEG 2000 -enveloped Ad indicated that very little gene transfer occurred in any tissue, including the tumors (data not shown). Similar empty cationic liposomes have been shown to have a greater association with tumor vasculature and possibly less penetration into the tumor interstitium than neutral formulations (40) . We hypothesized that lack of interstitial penetration might account for the absence of gene expression; therefore, we developed a DMPC:Chol:DSPE-PEG 2000 envelope. Similar liposomal formulations are known to penetrate into the tumor perivascular space (67) . When Ad was enveloped in this bilayer, tumor-specific gene transfer was found following i.v. administration. ␤-Gal expression in the tumors of mice injected with naked Ad was far more variable than in the DMPC:
Chol:DSPE-PEG 2000 enveloped Ad treated mice, and was not statistically significant vs. naive animals (PϾ0.1). We hypothesize that the DMPC:Chol:DSPE-PEG 2000 envelope may allow increased Ad tumor permeation and retention. However, Ad infectivity likely is reduced by lipid envelopment, leading to the low level of gene transfer observed. Following extravasation from the tumor vasculature, enveloped Ad may be trapped in the perivascular tumor regions where the lipid envelope gradually becomes unstable, leading to escape of naked Ad, which then transfects the tumor cells. Such mechanistic interpretations, though indirect and speculative, are supported by our recent demonstration that lipid enveloped Ad vectors could be designed to penetrated more deeply than Ad alone into a three-dimensional tumor spheroid (36) . This has great implications for the development of the next generation of lipid enveloped Ad. It appears that it is necessary to enhance both tumor localization and penetration within the tumor interstitial space to achieve any degree of gene transfer.
The unique characteristics of tumor physiology that may allow for Ad escape from the lipid envelopes within tumor tissue need further investigation. Notably, the CT26 tumors used for this study have been reported to be CAR deficient (68) , indicating that enveloped Ad can effectively deliver genes to tumors normally not infected by naked Ad. Prior to the present study, an Ad vector modified with a multivalent polymer covalently bound to capsid proteins also was shown to passively accumulate in, and transfect solid tumors in the absence of high liver and spleen gene transfer, following intravenous injection into mice (35) . However, clinical development of this vector will be hampered by difficulties in production and purification, and further modulation of the vector characteristics will not be facile due to limited possibilities offered by conjugation chemistries. The envelopment process we have developed may eliminate these barriers to the generation of a longcirculating, tumor targeting adenoviral platform suitable for clinical use.
In conclusion, we were able to achieve tumor-specific targeting of Ad through rational design of the features of an artificial Ad envelope. We demonstrated that 4 different types of lipid enveloped adenoviral vectors, when prepared under the same controlled conditions, did not efficiently infect the liver and spleen-the two dose-limiting organs in adenoviral gene therapy. These enhancements are critical for improving the efficacy/ toxicity ratio in viral gene therapy. In the future, further improvements in vector design may be possible through optimization of the lipid envelope to increase tumor penetration, and for use in other tissues (such as the brain and muscle) where dissemination is a problem. By combining lipid bilayer biophysics and self-assembly with the highly efficient intracellular trafficking and gene transfer of Ad, this study provides the basis for development of a novel vector platform for gene therapy or oncolytic virotherapy of cancer, and for systemic delivery of Ad to multiple, widespread, and disseminated targets. In a broader context, this work illustrates the capability to build artificial envelopes around nonenveloped virions by self-assembly, and the dramatic implications that such a strategy has on altering and modulating the in vivo biological function of viruses.
